Yeast cryotolerance brings some advantages for wine fermentations, including the improved aromatic complexity of white wines. Naturally cold-tolerant strains are generally less adept at wine fermentation but fermentative fitness can potentially be improved through hybridization. Here we studied the potential of using hybrids involving Saccharomyces eubayanus and a S. cerevisiae wine strain for low-temperature winemaking. Through screening the performance in response to variable concentrations of sugar, nitrogen and temperature, we isolated one hybrid strain that exhibited the superior performance. This hybrid strain was propagated and dried in pilot scale and tested for the fermentation of Macabeu and Sauvignon blanc grape musts. We obtained highly viable active dry yeast, which was able to efficiently ferment the grape musts with superior production of aroma active volatiles, in particular, 2-phenylethanol. The genome sequences of the hybrid strains revealed variable chromosome inheritance among hybrids, particularly within the S. cerevisiae subgenome. With the present paper, we expand the knowledge on the potentialities of using S. eubayanus hybrids in industrial fermentation at beverages other than lager beer.
INTRODUCTION
Sensorial properties dictate the quality and consequently the value of a wine. Such properties are determined by the grape variety and secondary metabolites formed during fermentation (Swiegers et al. 2005) . These metabolites are synthesized by the microbial flora that conducts the fermentation. The yeast Saccharomyces cerevisiae has been selected by winemakers for centuries based on its resistance to the stressful conditions of grape fermentation, such as high sugar content, low pH, high ethanol and temperature. The fermentation temperature employed will Ambroset et al. (2011) Haploid derivative of EC1118 VTT C-12902 (C902) S. eubayanus Libkind et al. (2011) S. eubayanus type strain; CBS12357 VTT C-16962 (C962)
Interspecies hybrid Magalhães et al. (2017) 59A x C902 hybrid VTT C-16963 (C963)
Interspecies hybrid Magalhães et al. (2017) 59A x C902 hybrid VTT C-16964 (C964)
Interspecies hybrid Magalhães et al. (2017) 59A x C902 hybrid VTT C-16965 (C965)
Interspecies hybrid Magalhães et al. (2017) 59A x C902 hybrid VTT C-16966 (C966)
Interspecies hybrid Magalhães et al. (2017) 59A x C902 hybrid VTT C-16967 (C967)
Interspecies hybrid Magalhães et al. (2017) 59A x C902 hybrid substantially influence the sensorial properties of the wine. In white winemaking, in particular, low temperature fermentation emphasizes the aromatic complexity and stability of the wines (Beltran et al. 2006 (Beltran et al. , 2008 Molina et al. 2007) . However, the performance of the yeast S. cerevisiae is affected by the lower temperatures, and this can lead to long fermentation times and even stuck fermentations. Other Saccharomyces species with greater cold tolerance have been isolated from spontaneous wine fermentations, such as S. uvarum, S. bayanus and occasionally S. paradoxus (Bisson 2017 ). Due to their close association with S. cerevisiae in wine fermentations and to the limited prezygotic barrier between Saccharomyces species, it is not uncommon for interspecies hybrids to form. Hybrids between S. cerevisiae and S. uvarum or S. kudravzevii have been found in winery isolates (for reviews, see Morales and Dujon 2012; Bisson 2017) . Interestingly, S. kudriavzevii has not been found in association with winemaking except in its hybrid form. This species was first isolated from a decayed leaf in Japan and later in oak trees in Portugal in sympatric association with S. cerevisiae and S. paradoxus, which may help explain the origin of S. kudriavzevii × S. cerevisiae hybrids (Naumov et al. 2000; Sampaio and Gonçalves 2008) . The most commonly used interspecies hybrid in fermented beverages is in lager brewing, where hybrids between S. cerevisiae and S. eubayanus are used. Similarly to S. kudriavzevii, only the hybrid form of S. eubayanus has been found in association with beer fermentation. The closest association of S. eubayanus with human activities was in the fermentation of Araucaria araucana seeds in Patagonia (Rodríguez et al. 2014) .
Since the discovery of S. eubayanus, one intriguing question was how does this newly found species perform in beer brewing conditions. Gibson et al. (2013) confirmed that the type strain has good tolerance to low temperature, but that sugar utilization is limited. Such results appear to explain why only its hybrid form has been isolated from brewing environments. Since then, studies have assessed the possibility of generating de novo lager hybrids by crossing S. eubayanus with a S. cerevisiae strain (Hebly et al. 2015; Krogerus et al. 2015 Krogerus et al. , 2016 Krogerus et al. , 2017a Mertens et al. 2015; Gibson et al. 2017) . All studies showed that the combination of cold tolerance from S. eubayanus and good sugar use of S. cerevisiae results in hybrids that exhibit the best properties of each parent, thus demonstrating an heterotic effect. Other alcoholic beverage processes could similarly benefit from the cold tolerance of production strains, and a study has looked into the potential of S. eubayanus for cider fermentation (Flores et al. 2017) . It was demonstrated that S. eubayanus exhibits potential for fermenting cider by itself. However, the aromatic properties of the cider can be largely improved by hybridization. A study by our team showed that S. eubayanus, during apple juice fermentation, produces large quantities of ethanethiol that has a strong unpleasant rotten cabbage and onion aroma (Magalhães et al. 2017) . In contrast, hybrid strains combine good fermentative properties with pleasant aromatic profile. An interesting observation in that study was that S. eubayanus and its hybrids have superior ability to transport both glucose and fructose than the S. cerevisiae strain used. This ability suggests that the strains generated may have potential to efficiently ferment other sugar containing substrates such as grape must.
In this study, we assessed the winemaking potential of the same hybrid strains described by Magalhães et al. (2017) . The strains were evaluated for resistance to drying and fermentation of Macabeu and Sauvignon blanc must.
MATERIALS AND METHODS

Strains
Strains used in this work are listed in Table 1 . The list includes Saccharomyces cerevisiae × S. eubayanus hybrids previously generated (Magalhães et al. 2017) as well as the parent strains and the commercial wine yeast S. cerevisiae Lalvin EC1118 R .
Ethanol tolerance tests
Relative tolerance to ethanol was assessed by drop test. For this purpose, plates with a gradient of ethanol were prepared with a method adapted from Szybalski and Bryson (1952) . In square 120 × 120 mm Petri dishes, a first layer consisting of 50 mL YPD (1% yeast extract, 2% peptone, 2% glucose, 2% agar) containing 20% (v/v) of ethanol was added and the plate was kept slanted at a 6
• angle ensuring that the whole bottom of the plate was covered. After the medium solidified, the plate was placed in the horizontal position and 50 mL of YPD (2% agar) medium were added. A culture of each strain was grown overnight in YPD medium. The OD 600nm of each culture was adjusted to 0.05 and eight spots of 5 μL each were made for each strain to cover the whole gradient of ethanol concentrations (∼0%-20%). Two plates were prepared and incubated at 12
• C and 28
• C, for 5 and 2 days, respectively.
Fermentation and propagation media
Fermentations were initially performed in synthetic medium, which mimics a natural grape must (Bely, Sablayrolles and Barre 1990) 
Propagation, drying and assessment of viability
Yeast was propagated in molasses and dried using Lallemand's proprietary protocol at the Lallemand Pilot Facility in Blagnac, France. Yeast was rehydrated by mixing 2 g of active dry yeast in 20 mL of warm water (37 • C) and incubated for 20 min. Viability was measured by counting colony forming units (CFU). For this purpose, five consecutive 1:10 dilutions were made from the prepare suspension and 1 mL was plated in solid YPD medium.
Must fermentation
Must fermentations were performed in either 300 mL fermenters containing 200 mL of must or 1.2 L fermenters containing 1 L of must. The smaller scale fermentations (200 mL) were carried in triplicate, while at the larger scale (1 L) no replicates were included due to limited availability of must. Yeast cells were first grown overnight at 28
• C in 10 mL flasks containing YPD with shaking (180 rpm). These precultures were used to inoculate fermenters equipped with airlocks to maintain anaerobiosis at a density of 10 6 cells/mL, with constant magnetic stirring (150 rpm). The temperature was kept constant during the whole length of the fermentation at either 12
The CO 2 released was estimated by measurement of the weight loss of the fermenter, and the rate of CO 2 production was calculated by polynomial smoothing of the CO 2 released (Sablayrolles, Barre and Grenier 1987). When fermentation temperature was higher than 16
• C the measurement of weight loss was done automatically every 1 h in 300 mL fermenters and every 20 min in 1.2 L fermenters. Below 16 • C the weight loss was measured manually with three daily measurements. Fermentations were stopped when the fermentation rate was equal to 0 g CO 2 released L −1 h −1 (automatic measurements) or when no variation of the weight is observed in two consecutive measurements (manual measurements).
Metabolite analysis
Concentration of fermentable sugars (glucose and fructose) was measured by HPLC using a waters 2695 separation module and waters system interface module liquid chromatograph coupled with a waters 2414 differential refractometer (Waters Co., Milford, MA, USA). An Aminex HPX-87H organic acid analysis column (300 × 7.8 mm, Bio-Rad) was equilibrated with 5 mM H 2 SO 4 (Titrisol, Merck, Germany) in water at 55
• C, and samples were eluted with 5 mM H 2 SO 4 in water at a 0.3 mL min −1 flow rate. Yeast-derived volatile compounds were determined by headspace gas chromatography with flame ionization detector (HSGC-FID) analysis. Four-milliliter samples were filtered (0.45 μm) and incubated at 60
• C for 30 min, and then 1 mL of gas phase was injected (split mode; 225 • C; split flow of 30 mL min −1 ) into a gas chromatograph equipped with an FID detector and headspace autosampler (Agilent 7890 Series; Palo Alto, CA, USA). Analytes were separated on a HP-5 capillary column (50 m × 320 μm × 1.05 μm column; Agilent, USA). The carrier gas was helium (constant flow of 1.4 mL min −1 ). The temperature program was 50
• C for 3 min, 10
• C min −1 to 260 • C and then isothermal for 1 min. Compounds were identified by comparison with authentic standards and were quantified using standard curves. 1-Butanol was used as internal standard. Aroma data were visualized by means of principal component analysis (PCA) with factoextra package in R (v3.3.1). Standard wine analysis included acidity, SO 2 , alcohols esters, thiols, terpenoids and C13-norisoprenoids was done by Nyséos (Montpellier, France).
Genome sequencing
The hybrid yeast strains C962-C967 were sequenced by Biomedicum Genomics (Helsinki, Finland). In brief, an Illumina NexteraXT pair-end 150-bp library was prepared for each hybrid and sequencing was carried out with a NextSeq 500 instrument. Pair-end reads from the NextSeq 500 sequencing were qualityanalyzed with FastQC (Andrews 2010 ) and trimmed and filtered with Skewer (Jiang et al. 2014) . Reads were aligned to a concatenated reference sequence of S. cerevisiae EC1118 (Novo et al. 2009 ) and S. eubayanus FM1318 (Baker et al. 2015) using BWA-MEM (Li and Durbin 2010) . Alignments were filtered to a minimum MAPQ of 50 with SAMtools (Li et al. 2009) , and the quality of alignments was assessed with QualiMap (García-Alcalde et al. 2012). The median coverage over 10 000 bp windows was calculated with BEDTools (Quinlan and Hall 2010) and visualized with R (http://www.r-project.org/).
Nucleotide sequence accession numbers
The Illumina reads from hybrid strains C962-C967 have been submitted to NCBI-SRA under BioProject number PRJNA381789.
RESULTS
Ethanol tolerance
The tolerance of the yeast to high ethanol concentrations is particularly relevant in the last stages of wine fermentation to avoid stuck fermentations. We evaluated the combined effect of ethanol and temperature in the growth of hybrid strains in relation to the parents. The sensitivity of Saccharomyces eubayanus to ethanol increases with the temperature, while the apparent higher sensitivity of S. cerevisiae at 12
• C is likely a result of the inferior ability to grow at such low temperature (Fig. S1 , Supporting Information). All hybrid strains showed improved ethanol tolerance in relation to the S. eubayanus parent at 28
• C although not superior to S. cerevisiae. The hybrid C964 stands out for performing relatively well in both conditions, being just slightly behind S. cerevisiae at 28
• C but superior to all strains at 12
• C due to the improved cold tolerance (Fig. S1 ).
Synthetic must fermentation
The hybrid strains were first screened for the ability to ferment synthetic must containing 240 g/L of sugars and 200 mg/L of assimilable nitrogen at 16
• C and 20
• C. Fermentations were Table S1 , Supporting Information). The increased sensitivity to ethanol at higher temperatures is likely to explain this reduced fermentation at the highest temperature tested ( Fig. S1; Fig. 1 ). Hybrid strains had mid-parent fermentation ratios with C963 being the weakest and C964 and C966 the best, although still inferior to S. cerevisiae. We further lowered the fermentation temperature to 12
• C. However, in such conditions the fermenters had to be weighed manually, and therefore the fermentation was followed by three daily weight measurements. In order to reduce fermentation time, the sugar concentration was lowered to 200 g/L and the nitrogen increased to 300 mg/L. These conditions combined with the improved resistance to alcohol at low temperatures resulted in an overall improvement in the fermentation rates with S. eubayanus and the hybrid C964 which was able to completely ferment the must in a shorter period of time ( Fig. 1A ; Table S1 ). Although an improved fermentation rate relative to S. cerevisiae was not obtained, the hybridization with S. eubayanus is expected to have an impact on the aromatic properties of the wines. To confirm this, we quantified 25 aroma compounds in all three fermentation temperatures tested (Table S2 , Supporting Information). We observed that the temperature regulates the production of aroma compounds and that the aromatic profile itself is rather different among strains. To help visualize this, we used PCA. In Fig. 1B , we can observe that the first two dimensions account for 82.6% of the variation. The variation among strains was influenced by the temperature; therefore, at 12
• C, the largest dispersion can be observed while at
16
• C all strains had relatively similar profiles. The strain C964
(highlighted in the plot) showed the most distinct profile, particularly at 12
• C. This strain was characterized by an overall increased production of acetate esters at 12
• C and ethyl esters at 16
• C (Table S2 ). The two best performing hybrids (C964 and C966) were chosen for further analysis.
Combined effect of variable sugar and nitrogen concentrations
To clarify the influence of sugar and nitrogen concentrations in the previous fermentations, additional fermentations were carried out at 200 mL scale. The two best performing hybrids were compared with parent strains in 20
• C fermentations. The combined effect of variable sugar (160, 200 and 240 g/L) and nitrogen (100, 200 and 300 mg/L) concentrations was assessed. The nitrogen concentration had a strong effect on yeast performance ( Fig. 2A) . The maximum specific growth rate (μ max ) was on average 1.6 times higher at 200 mg/L of nitrogen than a 100 mg/L and 2.4 times at 300 mg/L (Fig. 2A) . The superior fermentation rates were reflected in the reduced fermentation times observed (Table S3, Supporting Information). The sugar concentration did not have an evident effect on the fermentation rate, other than the expected longer fermentation time (Fig. 2B , Table S3 ).
Small-scale Sauvignon blanc fermentation
To understand how the synthetic must fermentation profiles correspond to actual grape must, we carried out fermentations in Sauvignon blanc must in 200-mL fermenters. This must contained <200 g/L of sugar, and therefore this concentration is not expected to limit the fermentation. However, the nitrogen concentration is low (120 mg/L) relative to requirements and so we tested the effect of addition of YON to aid in the fermentation.
As the results in synthetic must suggest an advantage of the hybrids at the lowest temperature tested, we performed Sauvignon blanc fermentations at low temperature (14 • C). We again used the parents and the hybrids C964 and C966, but this time we also included the commercial wine strain EC1118 as a reference. The hybrid C964 again showed mid-parent performance; however, considering the low nitrogen content of the must it performed surprisingly well, just slightly behind EC1118 and 59A (Fig. 3) . The hybrid C966 did not show any signs of growth in the first 8 days of fermentation either with or without the addition of YON. The growth observed after this time is likely a result of the propagation of any yeast naturally present in the must. The addition of YON improved the fermentation rate but to a small extent. This improvement was more strongly observed in the S. eubayanus parent (Fig. 3) . Analysis of the residual sugars, glycerol and ethanol at the end of fermentation suggests that S. eubayanus may produce less ethanol and increased glycerol concentration ( Table 2 ). The data here collected are not sufficient to confirm whether by hybridization one can reduce alcohol levels in wines, but this topic deserves further exploitation.
Drying and grape must fermentation
The strain C964 proved to have the greatest potential for wine fermentation, and therefore we subjected it to the processes that a wine yeast goes through before commercialization. One of the most commercially feasible ways to produce viable and stable wine yeast is in active dry yeast form. The process of yeast drying is particularly harsh on the yeast and therefore not all species are able to maintain high viability afterwards. To test the resistance of the hybrid C964, we subjected it to the standard procedure for propagation and drying used at Lallemand SAS. The hybrid C964 grew efficiently in the molasses media with high cell density (Table S4 , Supporting Information). Out of 10.5 L of culture, we produced 380 g of active dry yeast (4.87% humidity) with high viability after re-hydration of 3.59 × 10 10 CFU/g ADY (Table S4) . Re-hydrated yeast was compared with the fresh yeast, grown from a pre-culture in YPD medium, and tested in the fermentation of Macabeau and Sauvignon blanc musts at 18
• C. The commercial wine strain S. cerevisiae EC1118 was used as control, and the addition of YONs was once again tested in 1-L fermenters. Due to limited availability of Sauvignon blanc must, the number of 1 L fermentations was reduced and so EC1118 strain was only included in fresh form. In Sauvignon blanc must, the dried C964 had a lag phase of ca. 15 h longer than the fresh (Fig. 4A) . With the addition of YON, re-hydrated C964 reached higher fermentation rates, therefore completing the fermentation faster than either its dry or fresh form without YON addition. In Macabeu must, the differences between dry and fresh are much less evident with a difference of about 5 h in the beginning of the fermentation (Fig. 4B) . Here, once again, the addition of YON lead to increased fermentation rate and shorted duration of the fermentation.
The wines produced contained only residual amounts of fructose (<3 g/L) but showed some variation in terms of ethanol and glycerol concentration (Table 3) . As suggested by the smallscale fermentations, the hybrid strain C964 produced up to 0.4% less ethanol and about 3 g/L more of glycerol than EC1118. The wines produced with the hybrid strain were however more acidic (Table 3) .
Production of volatile aromatic compounds by C964 hybrid in grape must
The concentration of aroma compounds in the wines fermented with C964 did not vary greatly in response to the use of dry or fresh yeast or by the addition of nutrients (Tables 3 and 4) . However, differences between C964 and EC1118 in the aromatic profile of the wines can be seen in the macabeu must. The strain C964 produced considerably more volatile compounds than EC1118 independent of the conditions tested (Tables 3 and  4) . In Macabeu must, the hybrid produced up to eight times more 2-phenylethanol than EC1118, twice the amount of esters and similar production of terpenoids and C13-norisoprenoids. In Sauvignon blanc, the addition of organic nutrition increased the productivity of thiols by 20% (Table 4) .
Genome overview
Most variation observed among strains was in the S. cerevisiae subgenome. A few duplications of S. cerevisiae chromosomes were observed: chromosome II in the hybrids C964 and C966, 
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chromosome XV in the hybrid C965, chromosomes II and XV in the hybrid C967 and chromosomes III, XII and XV in hybrid C962 (Table 5 , Fig S2) . In addition, the S. cerevisiae chromosome IV in the strain C964 is chimeric. A region of about 150 000 bp from the left arm has been replaced by a region of similar size from S. eubayanus chromosome IV. This region of S. eubayanus chromosome contains genes such as the fructose symporter FSY1.
The origin of the mitochondrial DNA in the hybrid strain has been previously described by sequence analysis of COX2 genes (Magalhães et al. 2017) . The mitochondrial DNA in the hybrids C962-C964 was originated from the S. cerevisiae parent, and the hybrids C965-C967 lack mitochondrial DNA confirmed by inability to amplify COX2 genes and the lack of growth with glycerol as carbon source. The lack of coverage for any on the mitochondrial genomes for the strains C965-C967 in the present work confirms the absence of mtDNA.
DISCUSSION
The use of interspecies hybrids in lager beer fermentation is well established (Gibson and Liti 2015) . A few de novo Saccharomyces eubayanus × S. cerevisiae hybrids have been developed and tested for beer applications (Krogerus et al. 2015 (Krogerus et al. , 2016 Mertens et al. 2015) and cider fermentation (Magalhães et al. 2017) . In this study, we evaluated the winemaking potential of S. cerevisiae × S. eubayanus hybrids. For that purpose, we first screened the hybrid strain in synthetic must in varying conditions of temperature, sugar and nitrogen and selected the best performing hybrid. This hybrid was evaluated for its ability to resist the drying process and to ferment two different grape musts.
Wine fermentation is a demanding process that requires the yeast to be able to cope with possible suboptimal temperature, low pH, nutrient deficiency and increasing ethanol concentration if the fermentation is to proceed efficiently. Reports show that S. cerevisiae retains higher resistance to ethanol at lower temperatures, likely due to the reduced permeability of the membrane (Gao and Fleet 1988) . We found this to be true for S. eubayanus and its hybrids as well; therefore, these strains can thrive in low-temperature fermentations. The apparent sensitivity of S. cerevisiae at 12
• C is unlikely to be explained by higher sentitivity to ethanol; instead, this strain was shown to have limited growth at this temperature (Magalhães et al. 2017) . Judging only by the fermentative properties of the hybrids studied here, the potential for winemaking seems limited. However, some of the phenotypic properties observed show that interspecies hybridization is an interesting alternative way to approach current challenges in the wine industry.
One of the most important ways to maintain yeast viability and shelf life after propagation is by drying. However, the process itself is rather challenging and species other than S. cerevisiae struggle to maintain high viability after the drying procedure (Eleutherio et al. 1997; Rodríguez-Porrata et al. 2011) . The hybrid C964 was not adversely affected by the standard propagation and drying procedure used, and maintained high viability afterwards. It was unfortunately not possible to submit S. eubayanus to the same procedure for comparison due to limited access to the drying facilities, but it would be interesting to test this in the future. It is however likely that S. eubayanus would struggle to maintain high viability, considering its sensitivity to high temperatures (Magalhães et al. 2017) . The resistance to oxidative stress and consequent resistance to dehydration in interspecies hybrids may depend on the mitochondrial inheritance, at least for S. cerevisiae × S. uvarum hybrids (Picazo et al. 2015) . We do not have data to assess if this is true for all S. eubayanus hybrids but similarly to the results observed by Picazo et al. (2015) , the hybrid C964 contains S. cerevisiae mitochondria. This may have contributed to its high resistance to dehydration.
Our results, although not strong enough to make definitive conclusions, suggest that hybrid strains produce greater glycerol amounts during must fermentation. The increased glycerol yield is likely a result of increased enzymatic activity of Gpd1p in response to osmotic and cold stress, as observed in S. kudriavzevii (Oliveira et al. 2014) . The same phenotype is observed in S. kudriavzevii hybrids with S. cerevisiae and results in lower ethanol production (Arroyo-Lopez et al. 2010) . High alcohol wines are not desirable for health and economic reasons. Thus, shifting the yeast metabolism to glycerol accumulation is a common approach for alcohol reduction in wines (Noble and Bursick 1984; Tilloy, Ortiz-Julien and Dequin 2014) . The apparent native ability of S. eubayanus to produce higher concentrations of glycerol deserves to be clarified in future studies.
The strongest selling point for the hybrid C964 might very well be the aromatic properties of the wine it ferments. A unique profile could be noticed in the synthetic must fermentations, but grape must seems to have accentuated this phenotype. Almost all groups of compounds were found in concentrations considerably higher than in S. cerevisiae EC1118. Particularly high concentrations of desirable compounds such as 2-phenylethanol, ethyl hexanoate and 2-phenyletylacetate were detected in both wines (Sauvignon blanc and Macabeu). These compounds can increase the perceived floral and fruity notes, therefore contributing to the complexity of the wine. The wines made with C964 were analyzed by a small panel that classified the Sauvignon blanc in particular as exotic and complex (data not shown). The wine strain EC1118 is not particularly aromatic, which makes it an interesting model strain for assessing the influence of the S. eubayanus subgenome on the aroma-producing properties of the hybrids. The aromatic properties of EC1118 were previously enhanced through adaptive evolution (Cadière et al. 2011 ). Here we showed that hybridization is an alternative approach to induce aromatic variability.
To better understand the influence of the genome on the phenotypes observed, we sequenced the genomes of all hybrid strains tested. Such knowledge is important as it allows for a rational choice of parental strains depending on the phenotypes that need to be enhanced. Mitochondrial DNA has a strong influence in respiration but affects fermentation only to a limited extent (Albertin et al. 2013 ). We did not see a clear difference in fermentative ability between the strains possessing S. cerevisiae mtDNA and the ones lacking it.
The hybrid strains generated in this work exhibit variable performance both in cider (Magalhães et al. 2017 ) and in wine. The hybrids were a result of a cross of a diploid (S. eubayanus C902) and an haploid strain (S. cerevisiae 59A) by rare mating. Yet, the hybrids obtained were unexpectedly diploid. Considering that variations in chromosome copy number were only observed in the S. cerevisiae subgenome, this seems to support the possibility of a haploid S. cerevisiae 59A mating with a spore of S. eubayanus C902 previously proposed (Magalhães et al. 2017) . Even though the hybrids were isolated from different hybridization experiments, the very low heterozygosity of S. eubayanus C902 (Hebly et al. 2015) indicates that even with different spores mating with the haploid 59A these are most likely identical.
The two best performing strains (C964 and C966) have a duplication of S. cerevisiae chromosome II. A QTL study on the molecular basis of wine fermentation traits identified a hotspot in the chromosome II associated with fermentation rate at 70% sugar utilization and fermentation duration (Ambroset et al. 2011) . Although the study did not focus on this particular hotspot, we also observed that in synthetic must, there is a relationship between the maintenance of a higher fermentation rate at this stage of the fermentation in the strains with duplicate chromosome II (data not shown). The strain C964 had additionally a duplication of a 150 kb region of the left arm of S. eubayanus chromosome IV. This region contains the S. eubayanus allele of the fructose symporter FSY1. The activity of Fsy1 symporter may be relevant for fructose scavenging in the later stages of fermentation as it is repressed at high fructose concentrations and induced by non-fermentable carbon sources, such as ethanol (Galeote et al. 2010; Anjos et al. 2013) .
In this study, we present, for the first time, the evaluation of S. eubayanus hybrids in winemaking conditions. This approach brought advantages mainly in the aromatic properties of the wine, while showing some limitations, such as the higher ethanol sensitivity. Although the use of low temperature reduces the toxic effect of ethanol, we now know that this limitation can be overcome by generating hybrids with higher ploidy levels (Krogerus et al. 2016) .
